Crawford FIJ, Hodgkinson CL, Ivanova E, Logunova LB, Evans GJ, Steinlechner S, Loudon ASI. Influence of torpor on cardiac expression of genes involved in the circadian clock and protein turnover in the Siberian hamster (Phodopus sungorus). Physiol Genomics 31: [521][522][523][524][525][526][527][528][529][530] 2007. First published September 11, 2007; doi:10.1152/physiolgenomics.00131.2007.-The Siberian hamster exhibits the key winter adaptive strategy of daily torpor, during which metabolism and heart rate are slowed for a few hours and body temperature declines by up to 20°C, allowing substantial energetic savings. Previous studies of hibernators in which temperature drops by Ͼ30°C for many days to weeks have revealed decreased transcription and translation during hypometabolism and identified several key physiological pathways involved. Here we used a cDNA microarray to define cardiac transcript changes over the course of a daily torpor bout and return to normothermia, and we show that, in common with hibernators, a relatively small proportion of the transcriptome (Ͻ5%) exhibited altered expression over a torpor bout. Pathways exhibiting significantly altered gene expression included transcriptional regulation, RNA stability and translational control, globin regulation, and cardiomyocyte function. Remarkably, gene representatives of the entire ubiquitylation pathway were significantly altered over the torpor bout, implying a key role for cardiac protein turnover and translation during a low-temperature torpor bout. The circadian clock maintained rhythmic transcription during torpor. Quantitative PCR profiling of heart, liver, and lung and in situ hybridization studies of clock genes in the hypothalamic circadian clock in the suprachiasmatic nucleus revealed that many circadian regulated transcripts exhibited synchronous alteration in expression during arousal. Our data highlight the potential importance of genes involved in protein turnover as part of the adaptive strategy of low-temperature torpor in a seasonal mammal. hibernation; ubiquitylation; hypometabolism; Djungarian hamster; microarray THE SIBERIAN (OR DJUNGARIAN) hamster, Phodopus sungorus, is a native of southwestern Siberia and northeastern Kazakhstan and survives the extreme winters with a number of photoperiodically induced seasonal adaptations including daily torpor cycles. During a typical torpor bout, body temperature (T b ) decreases over 3-4 h to a minimum temperature of 15°C, thereby reducing heat loss to the environment. Unlike hibernation bouts, which are of several days to weeks in duration, a daily torpidator such as the Siberian hamster only exhibits a transient drop in temperature during the light phase when the animal is normally inactive. Torpor is thought to be driven by output from the circadian clock, because torpor cycles free-run in constant darkness with a period similar to that of the circadian activity cycle (35), while destruction of the suprachiasmatic nucleus (SCN) ablates torpor rhythms (34).
THE SIBERIAN (OR DJUNGARIAN) hamster, Phodopus sungorus, is a native of southwestern Siberia and northeastern Kazakhstan and survives the extreme winters with a number of photoperiodically induced seasonal adaptations including daily torpor cycles. During a typical torpor bout, body temperature (T b ) decreases over 3-4 h to a minimum temperature of 15°C, thereby reducing heat loss to the environment. Unlike hibernation bouts, which are of several days to weeks in duration, a daily torpidator such as the Siberian hamster only exhibits a transient drop in temperature during the light phase when the animal is normally inactive. Torpor is thought to be driven by output from the circadian clock, because torpor cycles free-run in constant darkness with a period similar to that of the circadian activity cycle (35) , while destruction of the suprachiasmatic nucleus (SCN) ablates torpor rhythms (34) .
Little is known of the transcriptional changes that occur during torpor, but it has been hypothesized that since transcription and translation are energetically expensive processes, only proteins required during hypometabolism or arousal may be transcribed and translated at this time. While initial studies of hibernators focused on expression of a few candidate genes, the advent of high-throughput technologies such as microarrays has enabled the screening of a much larger proportion of the transcriptome. Several of these studies have focused on the heart, because this organ must exhibit special adaptations to survive prolonged periods of low temperature without suffering cardiac arrest. A recent study of the golden-mantled ground squirrel revealed that Ͻ2% of the arrayed transcriptome in the heart exhibited altered expression during torpor (43) . Another study of the related thirteen-lined ground squirrel revealed that Ͻ1% of the assayed clones underwent significant changes during a hibernation bout, and included within this were genes involved in calcium handling and contractility of cardiomyocytes (4). Recently, we described (11) a seasonal adaptation in the Siberian hamster whereby ventricular myocytes isolated from short photoperiod (SP)-housed animals stored more Ca 2ϩ in the sarcoplasmic reticulum and exhibited larger Ca 2ϩ transient amplitudes on stimulation, leading to predicted stronger contraction of cardiomyocytes, compared with long photoperiod (LP)-adapted cardiomyocytes, implying that this axis may be targeted for transcriptional control during low-temperature bouts.
Here we describe the results of array studies in which we have compared cDNA profiles at five time points across the torpor cycle, using cardiac tissue from torpid and normothermic Siberian hamsters. Our data revealed that a relatively small subset of genes showed changes in expression during torpor, but this included alterations in a cohort of ubiquitylation pathway genes, suggesting that protein turnover and modification may be key features of daily torpor. One cardiac peptide (BNP) also showed significantly altered expression on our arrays. We also identified significantly altered expression of Bmal1, a key circadian clock gene, and subsequent studies of six different clock genes by quantitative PCR (Q-PCR) revealed consistent alterations of expression in heart, lung, and liver during a torpor bout, suggesting a general peripheral tissue response of the circadian axis during torpor. Within the SCN, we also identified torpor-associated changes in expression of two circadian clock genes (Per 1 and 2) during torpor. Our data therefore suggest that cardiac pathways involved in Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
protein turnover may be regulated in a complex manner over the course of a torpor bout.
MATERIALS AND METHODS
Male Siberian hamsters, derived from breeding colonies at the School of Veterinary Medicine, Hannover, were born in natural photoperiod and ambient temperatures during the spring/summer of 2002. On weaning, animals were individually housed at 18°C in a photoperiod that decreased stepwise (1 h/wk) to a final photoperiod of 8 h light:16 h dark. Food and water were available ad libitum throughout the experiment. All research and animal care procedures were approved by the Review Board for the Care of Animals of the district government, Hanover, Germany (no. 509.6-42502-01/497) and were performed according to international guidelines for the use of laboratory animals.
To monitor T b with Ϯ1°C accuracy, temperature-sensitive radio transmitters (Mini-Mitter model XM) were implanted into the peritoneal cavity under pentobarbital anesthesia. Animals were observed for outward signs of torpor including decreased activity, slow breathing rate, and decreased reaction to a stimulus (a gentle tap on the side of the cage). Hamsters that did not respond to this stimulus were tentatively labeled "torpid." Where temperature transmitters were implanted, temperature profiles were examined.
Normothermic control animals were sampled at eight time points 3 h apart, covering the entire day-night cycle (SP normothermic). Animals were sampled with respect to lights on, which is defined as zeitgeber time (ZT) 0. Torpid animals were sampled at five time points 3 h apart, starting at ZT22 and finishing at ZT10 (SP torpid). Immediately after culling, core body temperatures of all animals were taken to confirm torpor or normothermia, by inserting a digital thermometer probe 1.5 cm into the throat. Samples were taken and extracted under RNase-free conditions. Animals were culled by CO 2 inhalation. Hamsters in the dark phase were culled under dim red light (Ͻ1 lx), and all animals were enucleated postmortem to prevent possible light-induced gene induction. To ensure that expected responses to photoperiod had occurred, hamsters were weighed and pelage scored with a previously defined scale (1 ϭ full agouti summer pelage, 6 ϭ full white winter pelage) (16) . Brain, heart, lungs, and liver were rapidly removed, frozen on dry ice, wrapped in baked foil, and stored at Ϫ80°C. Samples were transported to the UK on dry ice. Once in the UK, samples were maintained at Ϫ80°C.
RNA isolation. Total RNA was isolated from heart, liver, and lung in TRIzol (Invitrogen) according to the manufacturer's instructions. RNA quality and quantity were assessed with an Agilent 2100 Bioanalyser in conjunction with the RNA 6000 Nano assay kit (Agilent) and RNA 6000 ladder (Ambion).
Isolation and cloning of hamster-specific sequences. Partial sequences for target genes were isolated from cDNA (Gapdh and Dbp) or gDNA (Esrra, Ube2l3, Bnp, Anp, and Cry2) with primers (MWG Biotech or Sigma Genosys) based on regions of conserved homology between several mammalian species. These sequences have been deposited in GenBank (accession nos. EF063002-EF063008). To confirm that hamster cDNA would likely hybridize with mouse cDNA in a microarray study we compared published Siberian hamster gene sequences and those sequenced within this study to published homologous mouse sequences with BLASTn (1). These showed that there was a 91% sequence similarity between the two genomes (Supplemental Table 1 ). 1 Microarrays. Microarrays were kindly provided by the Human Genome Mapping Project Resource Centre (HGMPRC), Cambridge, UK. They were manufactured with a murine cDNA clone set developed by the US National Institute on Aging, which was arrayed onto glass slides by the HGMPRC. The clone set constituted 15K sequenced cDNA clones from early embryonic mouse libraries, each with an average size of 1.5 kb (25) .
Each clone in the array set was spotted in duplicate, and four array sets per time point were used, resulting in eight replicates for each clone. Reciprocal labeling was incorporated such that half of each cDNA pool (comprising RNA extracted from 3-6 hearts per pool) was labeled with Cy3 and half with Cy5 to control for potential dye-related bias. Fifty-microgram aliquots of total RNA in nucleasefree water (Ambion) were heated with oligo(dT) primer at 70°C for 10 min. RNA was converted to Cy3-or Cy5-labeled cDNA in a solution containing 1ϫ First Strand Synthesis Buffer (Invitrogen), 10 mM DTT (Invitrogen), 0.5 mM dATP, dGTP, and dCTP (Bioline), 0.2 mM dUTP (Bioline), 67 M Cy3-or Cy5-dUTP (Amersham Biosciences), and 400 U of Superscript II reverse transcriptase (Invitrogen). The mixture was incubated at 42°C for 2 h. Unincorporated fluorescent nucleotides were removed with an AutoSeqG-50 column (Amersham Biosciences) according to the manufacturer's protocol. The remaining solution was ethanol precipitated and resuspended in nuclease-free water (Ambion). Arrays were prehybridized as described by Hegde et al. (21) and dried by centrifugation in 50-ml centrifuge tubes (Corning) at 3,000 rpm for 2 min. Probes were mixed and hybridized as described previously (21) . Arrays were agitated at 42°C in lowstringency wash (1ϫ SSC ϩ 0.2% SDS; 5 min) and twice in high-stringency wash (0.1ϫ SSC ϩ 0.2% SDS; 5 min each), dried by centrifugation, and scanned with a GenePix4000A Microarray scanner with GenePix Pro software. Overall levels of Cy3 and Cy5 fluorescence were balanced, and the image of each slide was saved as a TIFF file. Array images were manually checked to ensure that all features (ϭ spots) had been correctly identified and flagged. Fluorescence 1 The online version of this article contains supplemental material. Values for all five time points were then imported into MaxdView version 1.0.3. Data that had been flagged as "not present" (neither of the 2 pools of cDNA had hybridized to the probe sufficiently to be detected) or "bad" (data flagged as suspect by the operator, e.g., GenePix Pro had detected nonfeature fluorescence) were removed so that only spots designated "present" in 40 of 40 replicate features remained. Cy3 and Cy5 values (median minus background) for each feature were logged, and feature ratios were calculated. These log ratios were then normalized with the scatter plot smoother lowess, which corrects for intensity-dependent dye bias, and centers the data on zero (45) . The ratio of fluorescence between conditions was then calculated by subtracting the normothermic value from that of the same time point in torpor.
Each transcript was represented by eight ratios per time point. With the t-test plug-in in MaxdView, Student's t-tests were performed for each transcript at all five time points to test the null hypothesis that the mean of the ratios obtained does not differ from zero. Features with ratios significantly different from zero (t Ն 2.3646; P Յ 0.05) for at least one time point across the torpor cycle were included in subsequent analyses. The accession number for each feature showing significant up-or downregulation was subjected to a BLASTn search, and the closest corresponding hit was noted. Each transcript was then Fold change values from microarray analyses for genes involved in the ubiquitylation pathway over the torpor bout: ubiquitin and an activating enzyme, conjugating enzyme, ubiquitin ligases, and ubiquitin-specific proteases. Data plotted are means Ϯ SE for n ϭ 8 technical replicates/group. *P Յ 0.05. assigned a "Molecular Function" and grouped within the Gene Ontology hierarchy.
Taqman Q-PCR. Q-PCR was performed as previously described (5) with Siberian hamster-specific primers and probes (MWG) as listed in Supplemental Table 2 . Amplification was performed as previously described but using q-PCR Mastermix Plus (Eurogentec) according to the manufacturer's instructions. PCR amplification of samples was performed alongside gene-specific standards of known concentration prepared with the primers described above. The PCR products were purified and diluted to produce a set of standards ranging from 3 ϫ 10 1 to 3 ϫ 10 7 double-stranded molecules. In addition to Gapdh two further transcripts (Esrra and Ube2l3) were selected as controls, based on their apparent lack of variance during torpor in our microarray study. Since all three transcripts had similar profiles but different levels of expression, values were normalized to the same scale (maximum 100,000), to calculate an amalgamated control value for each sample. The value (number of molecules) for the gene of interest was then divided by its mean control value to give its value as a proportion of control.
In situ hybridization. In situ hybridization was performed and quantified as previously described (5).
Statistical analysis. Differences between experimental groups were compared by analysis of variance followed by Tukey honestly significant difference test for unequal n, Kruskal-Wallis, and Mann-Whitney U-tests where appropriate.
RESULTS
Body weight and pelage score. Hamsters used in this study had a median pelage score of 5, while hamsters born at the same time and housed in LP (16 h light:8 h dark) had pelage scores of 1. Body weights of SP-housed normothermic and torpid hamsters were also significantly lower than their LPhoused littermates (P Ͻ 0.001; 1-way ANOVA).
Body temperature. Most SP-housed hamsters exhibited periodic torpor bouts interspersed with longer periods of normothermia. An example of an individual animal is shown in Fig. 1A . Microarray results. Of the 15,247 clones represented on the array set, 8,040 (52.7%) were detected on 40 of 40 features, and their representative transcripts were thus considered to be present in the heart at a measurable level between ZT22 and ZT10. Of these, 298 clones (3.7% of those detected), showed significant fold changes over at least one time point during torpor (P Յ 0.05). BLAST searches revealed 24 clones with no significant similarity to any sequences in the NCBI database, 7 were homologous to chromosome sequence, with no specified gene, and the remaining 267 sequences represented transcripts from 209 different genes. Of these 209 genes, sufficient information was available to classify 184 into 17 different functional groups. The remainder were classed as having "unknown" function. A full list of the genes and their status at each time point is provided in Supplemental Table 3 .
At each stage of torpor (ZT22, 1, 4, and 7), there were more transcripts downregulated than upregulated, but this was reversed on return to normothermia at ZT10 (Fig. 2A) . A number of pathways showed significant alteration during the course of the torpor bout (Fig. 2) . These included genes involved in ATP generation ("Cellular Metabolism" and "Transport"), iron homeostasis ("Transport"), transcription and RNA stability ("Transcription" and "Protein Biosynthesis"), and ubiquitylation and protein degradation ("Protein Catabolism") pathways. Most groups were represented by both up-and downregulated genes during torpor, with greatest change being detected on arousal at ZT7. Notably, transcripts from "circulation" and "response to stress" groups were mainly downregulated during the torpor bout. Of particular note was the ubiquitylation pathway, where components representing the entire pathway were altered during the bout (Fig. 3) .
Microarray analysis showed significant upregulation of the transcript for cardiac hormone Bnp during arousal from torpor. Subsequent Q-PCR analysis of Bnp and the related peptide hormone Anp did not show significant changes in these transcripts, although there was a trend for increased Bnp expression at ZT7 (data not shown). In addition, microarray analysis revealed that two circadian genes, Bmal1 and Rev-erb ␤, showed altered expression during the time course of our experiment.
Clock gene changes over the torpor cycle. Profiles of clock transcripts in the SCN (by in situ hybridization) are shown in Fig. 4 . In the normothermic SCN, Per1 and Per2 exhibited robust diurnal rhythms, with peak expression in the mid-to late light phase, respectively. The rhythm of Per1 was ϳ3 h advanced compared with that of the heart (see below), while for Per2 this phase difference extended to 9 -12 h. On arousal, Per1 appeared slightly elevated while Per2 was significantly suppressed relative to normothermia (P ϭ 0.033, Tukey test). Q-PCR values for six circadian clock genes are shown for heart, liver, and lung in Figs. 5-7, respectively. In the normothermic heart, all clock gene transcripts exhibited significant rhythmic expression over the day-night cycle (P Յ 0.003, 1-way ANOVA and Kruskal-Wallis; Fig. 5) , with the exception of Cry2 (P ϭ 0.440; 1-way ANOVA). Per1, Dbp, and Rev-erb ␣ peaked at late photophase, in antiphase to Bmal1, while Per2 peaked later in the night. Circadian clock transcripts continued to vary in abundance during torpor, although the transcript for Bmal1 was significantly upregulated on and after arousal from torpor (P ϭ 0.021 and 0.034 for ZT7 and ZT10, respectively, Mann-Whitney U-tests), confirming changes seen in the microarray study. Dbp was significantly depressed during arousal (P ϭ 0.021, Mann-Whitney U-test).
Comparison of the temporal pattern of expression of circadian clock transcripts in heart, liver, and lung revealed a consistent flattening of the Dbp peak during torpor and increased Rev-erb ␣ during rewarming (Figs. 5-7) . Per2 appeared suppressed at ZT7 in peripheral tissues (liver, P ϭ 0.023; heart, P ϭ 0.090; Tukey tests) and SCN. This resulted in a phase delay in the daily rise of Per2 relative to normothermia in peripheral organs and a dip in Per2 expression in the SCN. Significant changes in Bmal1 were detected in the heart, but not in other tissues.
DISCUSSION
Our data reveal that relatively few transcripts show altered expression over the course of a low-temperature torpor bout. This observation is consistent with earlier publications using hibernating model organisms (golden-mantled and 13-lined ground squirrels; Ref. 43 ) and supports the proposition that transcript levels of most genes are maintained during daily torpor and hibernation (3, 32, 40) . Of the few transcripts that were altered in the present study, the majority were downregulated in torpor, consistent with observations by Williams et al. (43) . The greatest number of transcript changes observed here occurred during rewarming (i.e., ZT7). This may reflect a switch from key transcripts required in torpor to those essential during or after arousal, or as a response to the process of arousal: it is believed that arousal is the most challenging stage of the torpor bout for the heart, since heart rate increases before increases in T b and oxygen demand outstrips supply at this time, resulting in a potential oxygen deficit and stress (13, 29) . The increased number of transcriptional changes seen might also result from a loosening of the tight controls on transcription and RNA degradation that are thought to occur during hypometabolism. Several genes downregulated in torpor were suppressed well into the period of normothermia (ZT10), suggesting that some transcripts may be cold sensitive and hence do not accumulate until the animal has returned to normothermia. After arousal, several transcripts were significantly upregulated relative to normothermia, suggesting continued effects of torpor after arousal.
Circadian clock. There is compelling evidence for the involvement of the hypothalamic SCN "master clock" in the maintenance of correctly timed torpor and hibernation bouts in seasonal mammals. In Siberian hamsters, torpor entry is gated by the circadian system and destruction of the SCN prevents expression of normal SP-induced torpor (34) . We show here that normothermic rhythms of Per1 and Per2 mRNA expres- sion in the SCN are also conserved during torpor. During initial stages of torpor, SCN expression of Per1 and Per2 is similar to that seen in normothermic hamsters, suggesting that decreased T b and hypometabolism do not affect Per mRNA expression at this phase of the cycle. However, during arousal, a marked decrease in Per2 and an apparent increase in Per1 relative to normothermic values were detected. Similar observations have been made by Herwig et al. (22) , who reported upregulation of Per1 at ZT7 in the SCN. Remarkably, we observed similar changes in these key clock transcripts in some peripheral organs, with lowered Per2 and elevated Per1 expression on arousal. These differences occurred concurrently in the SCN and periphery, in contrast to the normothermic situation, where the circadian rhythm of transcripts in peripheral body organs phase lags that of the SCN by 4 -6 h (20, 31) . This suggests that there may be global changes in expression of these transcripts throughout the body at the end of torpor, perhaps regulated directly by temperature or by common neurotransmitter or neuroendocrine-mediated pathways.
The upregulation of Bmal1 in the heart during and after arousal may be due to decreased RNA degradation or increased synthesis. Our study revealed a significant downregulation of Rev-erb ␤ (a suppressor of Bmal1 transcription; Refs. 18, 37) at ZT7 in the torpid heart, presumably facilitating Bmal1 upregulation. Furthermore, Hdac3, whose protein is believed to prevent transcription at the Bmal1 promoter in association with REV-ERB ␣ (46), was downregulated in the rewarming heart, implying a net decrease in repressive activity on the Bmal1 promoter during arousal. Prolongation of Bmal1 expression at the end of torpor may affect expression of other clock genes after arousal, possibly increasing transcription of E-boxregulated genes such as Period.
We have demonstrated here that elements of the circadian clock are not temperature labile at the RNA level during torpor. It is possible that the changes in RNA expression seen on arousal may result in protein changes that would subsequently alter the period of the clock in the absence of an external reentraining stimulus. This might explain the decrease in circadian period observed in torpor-expressing Siberian hamsters compared with normothermic controls (39) .
Transcription, RNA stability, and translational control. Transcripts in the "Transcription" group were mostly downregulated during torpor, in line with the consensus that transcription is decreased in hypometabolic mammals including torpid Siberian hamsters (3, 40) . A possible candidate involved may be Ews, which was significantly decreased throughout torpor, returning to normothermic levels of expression at ZT10. EWS is thought to facilitate transcription initiation and elongation (2, 26) , and its downregulation may reduce cAMPstimulated transcription. Two replication-independent histones, which coil nuclear DNA into nucleosomes [H3 histone family 3B (H3F3B) and H2A histone family, member Z (H2AFZ)], were upregulated during arousal. H2AFZ is thought to be more permissive of promoter binding than other H2A family members (33) , so upregulation of this histone may facilitate increased transcription.
Rbm3 is thought to be induced at low temperatures to counteract the cold-mediated decline in protein synthesis (12) . This transcript was downregulated at ZT1 during torpor and upregulated at ZT10 after arousal. Reduced expression in torpor may indicate suppression of the normal response to cold shock, preventing increased protein synthesis. The transcript encoding eukaryotic initiation factor 4E (eIF4E) was also downregulated on entry into torpor and upregulated before arousal at ZT4. eIF4E is a rate-limiting constituent of the transcription initiation complex whose activity was previously reported to be reduced in the liver of hibernating goldenmantled ground squirrels by increased activity of its repressor, 4E-binding protein 1 (41) . While the mechanism of eIF4E regulation may be different in these two species, both studies imply a decreased translation from 5Ј-capped mRNAs during hypometabolism.
Globins. The globins, in the "Circulation" group, were consistently downregulated during torpor, along with 2,3-bisphosphoglycerate (2,3-BPG) mutase (Bpgm). Hba-a1 and Hbb-b1 are present in adult mammals, while Hbb-y is a fetal globin with a higher affinity for oxygen. The apparent presence of embryonic globin expression in the adult Siberian hamster might be due to similarity between sequences allowing hybridization of adult transcripts to features containing embryonic cDNA. Alternatively, because ␣-and ␤-globins are arranged in clusters, transcription of embryonic and adult genes may be activated in tandem if the normal silencing of embryonic genes is perturbed. Some aspects of neonatal physiology are believed to be used in torpor and hibernation (19) . Expression of these globin RNAs and Hbb-b2 was previously discovered in the mouse lens, where they are proposed to perform roles in oxygen transport, to act as an oxygen sink, or to promote apoptosis (44) . The globins might act similarly in Siberian hamsters, although because all globin transcripts are suppressed during torpor and arousal, they would be implicated in winter normothermia rather than torpor. BPGM catalyzes the synthesis of 2,3-BPG, which decreases the affinity of hemoglobin for oxygen (42) . Therefore, downregulation of this transcript may help to increase oxygen transport during torpor, possibly preventing hypoxia due to decreased respiration rates during torpor.
Iron homeostasis. The concomitant regulation of two antagonistic iron carriers during arousal implies a deficit of cellular iron at this time. Iron-regulated transporter 1 (Ireg1), which transports iron out of cells into the circulation, was downregulated at ZT7, while transferrin receptor (Tfrc), which binds and internalizes circulating transferrin-bound iron, was upregulated at the same time. Since both genes contain iron response elements (IREs) (10), it is possible that other IRE-containing genes are affected on arousal. Changes in cellular iron levels might indicate changes in heme synthesis, which has also been shown to alter peripheral clock gene expression (24) .
Cardiac physiology. A number of genes involved in cardiac physiology were significantly altered on the array. The regulatory subunit myosin light polypeptide 9 (Myl9) was upregulated soon after initiation of torpor at ZT22. Studies of hibernating golden-mantled ground squirrels have revealed that the myosin light chain isoform (Myl1 ventricular isoform) was similarly upregulated, suggesting that structural alterations in the cardiomyocyte may commonly be altered during a lowtemperature bout (14) , perhaps facilitating heart contraction at decreased temperatures. Expression of the gap junction gene connexin 43 (Cx43) is downregulated after arousal, and this is strikingly similar to the protein profile observed in golden hamsters after arousal from hibernation, where CX43 is upregulated in cold-adapted SP hamsters, so that when protein levels decline after arousal they fall to summer levels (36) . Siberian ground squirrels also express higher levels of CX43 in winter, and this is correlated with faster conduction velocity and lower excitation threshold of the heart (15). Since conduction velocity decreases and excitation threshold increases at low temperatures, the changes in Cx43 may compensate for temperature effects during both hibernation and torpor (15, 36) .
Ubiquitylation pathway and protein degradation. A large part of the "Protein Catabolism" group was formed from transcripts associated with all stages of the ubiquitylation pathway. This is summarized in Fig. 8 . Our data suggest that there are global changes in protein turnover and regulation during a torpor bout. Generally, ubiquitylation-related transcripts were downregulated during early torpor, with upregulation occurring at arousal. Reduced activity of protein degradation pathways during torpor may be advantageous because it would reduce the overall energetic costs associated with degradation, and would further serve to stabilize protein levels in the face of reduced translation.
Of particular interest was the regulation of ubiquitin ligases (E3s), since these are relatively specific, recognizing only a few proteins (38) . Proteasome (prosome, macropain) 26S subunit, ATPase 3 (Psmc3), and Hsp70-interacting protein (Chip) are E3s downregulated during arousal from torpor. Their substrates, hypoxia-inducible factor-1␣ (HIF-1␣) and heat shock protein 70 (HSP70), respectively (8) , are both involved in stress responses and coprecipitate with heat shock protein 1␣ (Hspca; also detected at its highest level relative to normothermia at ZT7). The downregulation of Psmc3 mRNA could therefore lead to upregulation of the hypoxia response through stabilization of HIF-1␣. HIF-1␣ upregulation has previously been discovered in thirteen-lined ground squirrel organs during arousal (30) , and in conjunction with our data this implies that a hypoxia response may be initiated in the hypometabolic heart as it returns to normothermia. The predicted stabilization of HIF-1␣ might impact on expression of circadian clock transcripts since HIF-1␣ is closely related to the core circadian protein BMAL1 and is known to interact with and stabilize several circadian clock proteins and to initiate transcription of clock genes including Per1 and Ror␣ (6, 7, 9, 17, 23, 27, 28) . This raises the intriguing possibility that altered HIF-1␣ signaling at arousal may be a causal mechanism involved in the changes in circadian clock gene transcripts we observed in this study.
Conclusion. Our data reveal that a number of pathways previously only identified in hibernating mammals show similar alterations over a daily hypometabolic torpor bout. Furthermore, we show that relatively small numbers of transcripts have altered expression, implying that gene regulation is well buffered against the effect of temperature change in this system. Although circadian clocks are generally temperature compensated, we consistently observed altered expression of many circadian clock gene transcripts during late torpor and at arousal. A number of transcripts involved in cardiac physiology show alterations, suggesting torpor-associated plasticity within cardiomyocytes. The most striking feature of our data was the discovery that representatives from all key steps in ubiquitylation pathways showed significantly altered expression over the hypometabolic bout. This implies that fine control of protein degradation pathways may be a necessary and key adaptive feature of torpor in mammals.
